In this work we investigate design parameters enabling normally-off operation of zincblende (ZB-) phase Al X Ga (1−X) N/GaN high electron mobility transistors (HEMTs) via Synopsys Sentaurus Technology Computer Aided Design (TCAD). As ZB-phase III-nitrides are polarization-free, the 2D electron gas (2DEG) channel at the Al X Ga (1−X) N/GaN heterojunction is formed through intentional δ-doping part of the Al X Ga (1−X) N barrier layer. The impact of each of the design parameters (i.e. Al-content and thickness of Al X Ga (1−X) N barrier; δ-doping location (within the Al X Ga (1−X) N barrier), δ-doped Al X Ga (1−X) N layer thickness and its doping amount; gate metal) are studied in detail and design trade-offs are reported. We show that work function of the gate metal impacts normally-off behavior and turn-on voltage considerably. Our results suggest that Al-content of 35% or less in the Al X Ga (1−X) N barrier results in a normally-off behavior whereas Al X Ga (1−X) N barrier thickness is effective in controlling the turn-on voltage. Overall, we provide design guidelines in controlling the normally-on/-off operation, threshold voltage, and 2DEG density in ZB-phase AlGaN/GaN HEMT technology.
Introduction
Silicon-based transistors are reaching maturity as increasingly more applications (such as DC/DC power conversion, 5G networks) demand high power and high speed operation, motivating new material and device structure investigations [1] . Gallium Nitride (GaN) high electron mobility transistors (HEMTs) are ideal candidates to address such emerging needs, particularly in high power (>10 W), high frequency (>10 GHz) applications. Figures of merit for high power and high frequency applications show GaN having a value of 790 for Johnson's figure of merit [2, 3] (indicating high speed and high power capabilities) and 100 for Baliga's high-frequency figure of merit [3, 4] ) all contribute to the promise of GaN devices in such operation conditions [5] . A key issue in GaN HEMTs is normally-on operation. Due to the inherent polarization fields in hexagonal (h-) phase GaN, conventional h-GaN HEMTs are normally-on. This means a conductive 2D electron gas (2DEG) channel is formed in the AlGaN/
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GaN hetero-interface without an external bias [5] . For safety and energy savings in high power/frequency applications, normally-off HEMTs are desired [6] . Several methods of implementing normally-off GaN HEMTs have been explored including fluorine implantation below the gate [7] , a recessed gate approach [8] , and p-GaN gate insertion [9] . However, normally-off devices enabled by these approaches are yet to mature. Recently, ZB-GaN materials have emerged in photonic device applications [10, 11] . Here we propose this emerging naturally polarization-free zincblende (ZB-) phase for the creation of a new electrical device: normally-off ZB-phase GaN HEMT. Using Technology Computer Aided Design (TCAD) software (Synopsys Sentaurus [12]), we explore design parameters in ZB-phase AlGaN/GaN HEMTs and investigate design guidelines allowing for a normally-off operation.
TCAD modelling
Device structure
The zincblende Al X Ga (1−X) N/GaN HEMT structure under consideration consists of a unintentionally doped (UID-) ZB-GaN substrate on which high quality intrinsic ZB-GaN is epitaxially grown. To make contacts to the device, a layer of n-type GaN is then grown, and etched back to create an opening. Inside the opening, an Al X Ga (1−X) N layer is grown on top of the epi-GaN ( figure 1(a) ). The growth of high quality ZB-GaN has been recently demonstrated using Si substrates, indicating that this is a technologically feasible structure [11] . The Al X Ga (1−X) N barrier layer is composed of three parts: undoped layers of AlGaN 1 and AlGaN 3 (with thickness of t 1 and t 3 ) and δ-doped layer of AlGaN 2 (with thickness of t 2 ). The δ-doped AlGaN 2 layer provides carriers to the 2DEG channel formed at the AlGaN/GaN hetero-interface, and the corresponding thickness t 2 determines the net number of dopants introduced and thus the amount of band bending in the AlGaN layer. The δ-doping is achieved by creating a few nanometers of highly-doped AlGaN via MOCVD or MBE processes [13] , and these carriers then diffuse to the AlGaN/GaN heterojunction to form the 2DEG. The ionized impurities remain in the AlGaN 2 layer after the carriers are depleted, leading to strong band bending in this region. Because the carriers are depleted, we instead find the peak electron concentration at the AlGaN/ GaN junction corresponding to the 2DEG as opposed to the doped layer. The AlGaN 3 layer of thickness t 3 separates δ-doped AlGaN 2 layer from the channel and reduces the impurity scattering effects. The AlGaN 1 layer with corresponding thickness t 1 distances the gate contact from the 2DEG, controlling the gate-contact-induced electric field effects on the 2DEG channel. Finally, 0.25 µm long source and drain contacts are formed with the n-doped GaN. In figure 1(b) , a generic band diagram for the structure is given. In this plot, the design parameters t 1 , t 2 , and t 3 are marked, as well as the Schottky barrier height (ϕ b ). The Schottky barrier ensures that an electric field is present when the device is unbiased, preventing 2DEG formation, and ϕ b determines the strength of this field. The final parameters in consideration is the aluminum content, x Al , which determines the bandgap offset, and thus determines the depth of the triangular quantum well in the conduction band at the AlGaN/GaN junction, as well as δ-doping density (N D ) in the AlGaN 2 layer, which both directly impact the number of carriers present in the 2DEG.
Device physics and simulation parameters
For simulating the band structure of the wide bandgap materials, the temperature dependence given by the Varshni model [14] is the Fermi integral of order 1/2. Λ n is obtained by solving
Here γ is a fit factor, n is the electron concentration, m n is the electron mass and is the reduced Planck constant. The effects of bandgap narrowing with heavy doping is neglected, based on the difficulty in activating dopants in GaN. Carrier recombination is computed using a combination of Shockley-Hall-Read recombination, Auger recombination, and radiative recombination models. While modeling the electrical behavior of the structure, the basic transport equations are solved while the potential at various electrodes is swept. Transient behavior is ignored, and only quasi-stationary solutions are used. with the positive term corresponding to n and the negative to p, as well as the quantum potential equations [12] . For this equation, R net denotes the net recombination rate, and J n p , is the respective electron or hole current density.
Simulation approach
The ZB-phase Al X Ga (1−X) N/GaN transistor is simulated as Al-content in the Al X Ga (1−X) N barrier (x Al ) (from 0.10 to 0.40), gate Schottky barrier height (ϕ b ) (from 1.2 to 2.0 eV), and AlGaN 1, 2, 3 thicknesses (t 1 from 10 nm to 25 nm, t 2 from 1 to 5 nm, and t 3 from 2 to 10 nm) are varied. As the Al X Ga (1−X) N electron affinity (χ S ) changes with aluminum content according to Vegard's law, barrier height acts as a better experimental control and thus we vary the gate Schottky barrier height (ϕ b ) (opposed to varying the work function of the gate metal (Φ M )). While studying effects of each variable {x Al , ϕ b , t 1 , t 2 , t 3 } on the HEMT, each variable is varied independently while the other parameters are held at control values (table 2). The criteria for normally-off behavior is taken to be the formation of the 2DEG when the Fermi level exceeds the conduction band minimum at the AlGaN-GaN hetero-interface. This definition of normally-off is justified by the corresponding electron concentration. The electron concentration near the heterointerface is dictated by the triangular quantum well formed along the interface. As E F and E C coincide, the probability of finding electrons in the available well states begins to increase according to the Fermi-Dirac distribution, leading to formation of the 2DEG and thus normally-on behavior. In figure 4 , this phenomenon is shown as the electron density increases by several orders of magnitude when E F approaches E C . Figure 2 shows the band diagram across the HEMT as we vary x Al from 0.10 to 0.40. This range of Al-content can be attained despite lattice mismatch, and doping of high Al-content AlGaN has been demonstrated [16, 17] . Additionally, devices with high Al-content have shown promising performance, as the 2DEG is in the GaN layer and unaffected by possible dislocations in the AlGaN layers [16] . In order to maintain a constant ) and written next to each band. As x Al increases, the conduction band minimum approaches the Fermi level. For x Al below 0.35, the HEMT is normally-off. This shows good agreement with existing literature, indicating normally-off devices are attainable for x Al of 0.33 for similar ranges of control variables in this study [18] . It should be noted that to ensure a sufficiently high turn on voltage (dependent upon the application), it is desirable to keep x Al small. However, as x Al decreases, the conduction band offset (∆E C ) also decreases adversely impacting the 2DEG sheet density (n s ). This in turn limits the output power. Overall, by varying x Al , one can trade-off turnon voltage and n s for specific applications. We have chosen x Al of 0.25 for the rest of this study to study trade-off amongst other design parameters.
Results
Effects of Al-content in the Al X Ga (1−X) N barrier
Effects of Al X Ga (1−X) N barrier layer thicknesses and δ-doping
Figure 3(a) shows the band diagram across the HEMT as we vary t 1 from 10 nm to 25 nm. For a fixed x Al (0.25), as t 1 is increased, the conduction band minimum decreases. This is attributed to the increased separation between the gate contact and the 2DEG. We observe that by limiting the thickness of t 1 (in this case below 25 nm), normally-off HEMTs are enabled, which is in agreement with studies showing normally-off devices for 10 nm of equivalent AlGaN 3 layers [18] . This approach has the additional benefit of reducing latticemismatch related dislocation formation in the AlGaN barrier, as the critical thickness (h c ) of ZB-phase Al 0.25 Ga 0.75 N on ZB-phase GaN predicted by the Matthews-Blakeslee equation is 9.18 nm [19] . We have set t 1 to 15 nm for the remainder of this study. While this value results in a total AlGaN thickness exceeding h c , it allows sufficient room for full investigation of the relationship between the various parameters and the normally-off behavior. Figure 3(b) shows the band diagram across the HEMT as we vary t 2 from 1 nm to 5 nm. For fixed x Al (0.25) and t 1 (15 nm), when the AlGaN barrier thickness is kept at 20 nm, the device remains normally-off for t 2 less than 4 nm, which is slightly smaller than similar experimental work using 6 nm doped layers [18] . This is explained by the increased doping level in the present work. To maximize the density of the 2DEG, maximizing t 2 and subsequently the number of carriers introduced while retaining normally-off behavior and preventing adverse impacts on the channel mobility is ideal.
Fixing ), we have also studied the effect of t 3 ( figure 3(c) ). It is shown that t 3 has minimal impact on the normally-off operation of the HEMT. This AlGaN 3 layer primarily serves to keep the δ-doping impurities further away from the 2DEG in order to minimize impurity scattering effects.
The effect of the doping density is studied and shown in figure 4 , as a complement to the study of t 2 [18] . The electron density has been included as well, as the carriers in the 2DEG are provided by the δ-doping. This brings a new design trade-off between n s and V T . Figure 5 shows the band diagram across the HEMT {for a fixed x Al (of 0.25), t 1 (of 15 nm), t 2 (of 2 nm), and t 3 (of 3 nm)} as we varied Φ M to represent common gate metals and alloy solutes (e.g. platinum, iridium, nickel, copper, tungsten and titanium) enabling a wide range of ϕ b . For Φ M greater than 4.55 V the device exhibits normally-off behavior. By picking a gate metal with a sufficiently large Φ M the device will exhibit normally-off behavior. Examples of such metals are platinum [20] , gold-platinum alloys [21] , and nickel [20] . Experimental results showing normally off devices with Pd/Ni/Au {Φ M (Pd) = 5.22 eV} gate contacts exhibiting normally off behavior for similar ranges of control values corroborate this result [18] .
Effects of gate metal
Discussion
Based on preceding design guidelines, a normally-off zincblende (ZB-) phase Al X Ga (1−X) N/GaN high electron mobility transistors (HEMTs) is proposed. Figure 6 . It is worth noting that this current exceeds most existent GaN HEMT devices based on wurtzic GaN by nearly three-fold. This is due to a variety of reasons, including the assumption of perfect contacts to the source and drain regions, as well as the lack of traps and other interface states at the GaN/AlGaN heterojunction to diminish mobility and thus I DS .
Tailoring HEMT performance to specific applications requires investigation of key design parameters simultaneously. x Al is an ideal choice for exploration due to its positive correlation to n s and inverse correlation to turn-on voltage V T . To demonstrate the design space available in zincblende Al X Ga (1−X) N/GaN HEMTs, the device is simulated via varying x Al and t 1 as V T is extracted from the I D versus V G curves. Plotted as a contour map, the resulting values of V T are seen in figure 7(a) . The dashed line marks Matthews-Blakeslee critical thickness (h c ) [19] , with a 20% margin of error considered. For the regions of the design space that feature an Al X Ga (1−X) N thickness below h c , the threshold voltage is the largest offering stable normally-off design. As both t 1 and x Al increase, the value of V T is shown to become negative indicating the transition from normallyoff to normally-on behavior is controlled by the properly selecting the HEMT device parameters. Experimental data in the literature showing normally-off behavior with V T of 0.6 V for x Al = 0.33 and t 1 = 10 nm show excellent agreement with our results [18] .
The value of n s is of particular relevance in HEMT devices for power applications. It is directly related to the conduction band offset [22] , which is in turn influenced by x Al Based on this fact, n s is plotted as a function of aluminum content and V GS in figure 7(b) . The sheet density is calculated by integrating the carrier density along the depth, following the literature [22] . The sheet density is seen to scale with both aluminum content and gate bias. We see that for V GS near 10 V and x Al near 0.40, n s achieves values near 2.75 × 10 13 cm
. Previous studies showing n s = × 1.7 10 12 cm −2 for V GS = 0.3 V and x Al = 0.33 are in good agreement with our data [18] . of 15 nm) ). The doping density of the δ-doped layer is kept constant (as 2 × 10 12 cm −2 ). The inset shows the values of x Al , t 1 , and t 3. Arrows indicate the direction of the band shifts for increasing t 2 . The undoped Al X Ga (1−X) N barrier thickness (t 1 + t 3 ) is kept fixed as 20 nm by keeping the t 3 barrier layer constant and adjusting t 1 appropriately. Minimizing t 2 is shown to improve the normally off behavior. (c) Effects of t 3 barrier layer thickness on the conduction band edge are reported. Total Al X Ga (1−X) N layer thickness (t 1 + t 2 + t 3 ) has been kept constant as 20 nm where t 2 is kept at 2 nm and t 1 and t 3 are adjusted accordingly. The band minimum can be seen to move closer to the Fermi level with increasing t 3 . Due to its limited impact on the band diagram, t 3 should be large enough to minimize impurity scattering and small enough to diffuse carriers from doped layer t 2 to the Al X Ga (1−X) N/GaN hetero-interface. to 1 × 10 13 cm −2 in uniform steps. It is shown that for a doping density of 2 × 10 19 cm −3 and less the device remains normally-off. Additionally, the electron density is plotted as the doping density will impact n s in the 2DEG, indicating a design trade-off between V T and n s . 
Conclusion
In summary, we report the normally-off operation regime of ZB-phase Al X Ga (1−X) N/GaN HEMTs via varying key design parameters (x Al , t 1 , t 2 , t 3 , δ-doping amount, and Φ M ). Particularly, we consider and report the trade-offs between x Al , t 1 , and Φ M (via its impact as ϕ b ) to maximize V T and n s . Considering Matthews-Blakeslee critical thickness (h c ), we offer design guidelines for maximizing V T while minimizing defectivity. Our results provide encouraging results for the employment of ZB-phase GaN HEMTs, given the wide-range tenability in V T and n s , under normally-off operation. [19] and drawn after accounting for the layers t 2 and t 3 (with a 20% error margin). (b) 2DEG density ( ) n s plotted as a function of x Al and V GS . As V GS is increased from 0 V to 10 V, n s increases. at a 4 V gate bias. Increasing V GS will increase n s and hence the current.
